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Interactions between individuals of different cetacean species are often observed in the wild. Killer whales
(Orcinus orca) can be potential predators of many other cetaceans, and the interception of their
vocalizations by unintended cetacean receivers may trigger anti-predator behavior that could mediate
predator-prey interactions. We explored the anti-predator behaviour of five typically-solitary male sperm
whales (Physeter macrocephalus) in the Norwegian Sea by playing sounds of mammal-feeding killer whales
and monitoring behavioural responses using multi-sensor tags. Our results suggest that, rather than taking
advantage of their large aerobic capacities to dive away from the perceived predator, sperm whales
responded to killer whale playbacks by interrupting their foraging or resting dives and returning to the
surface, changing their vocal production, and initiating a surprising degree of social behaviour in these
mostly solitary animals. Thus, the interception of predator vocalizations by male sperm whales disrupted
functional behaviours and mediated previously unrecognized anti-predator responses.
I
nterspecific interactions across multiple scales (species, population, individual) remain a central question in
understanding the organization of animal communities1–3. In predator-prey interactions, the importance of
predation over evolutionary time (e.g. regulating prey population) has long been clear, but the influence of
predation on phenotype (e.g. body size) and behaviour of prey has seen a growing recognition in the last decade.
In fact, prey can be affected by predators in other ways than direct (lethal) predation, in the form of stress4,
changes in behaviour and anti-predator strategies5. Prey must search for food and reproduce while maintaining
the capability to detect and avoid predators. There is thus a constant trade-off for prey between avoiding
predation and continuing fitness-enhancing activities such as foraging or mating5,6.
Cetaceans spend most of their time underwater and thus the effect of predator-prey interactions on the
animals’ behaviour is difficult to observe and rarely studied, especially in comparison to terrestrial animals7.
However, the advancedmulti-sensor tag developed by Johnson and Tyack (2003) contributed to amajor advance
in cetacean behavioural studies, enabling reliable monitoring and quantification of the animals’ behaviour, even
below the sea surface8. Using such technology, it becomes possible to study the effects of predation risk on
cetaceans’ behaviour.
The two main potential predators of cetaceans are killer whales and sharks9. Both of these predator types are
widespread in the world’s oceans and have been observed to feed on a large number of prey items including fishes,
cephalopods, seabirds, seals and cetaceans. In general, small cetaceans such as dolphins and porpoises are likely
more vulnerable to predation than larger cetaceans. Sharks seem not to pose a significant risk to large whales,
though small calves of some species may be vulnerable to attacks occasionally9. Killer whales, however, clearly
prey on large cetacean species includingmysticetes and some odontocetes such as adult female and juvenile sperm
whales10–13. In the last decade, there has been a growing interest in the role of killer whale predation in shaping
marine ecosystems and regulating prey population14,15. However, the effect of predation pressure on behaviour
and social organization of prey and especially of cetacean prey, remains to be experimentally tested16. Although
various observations have reported interspecific predatory or non-predatory encounters between killer whale and
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other cetaceans, there is a lack of consistency in these observa-
tions10,13 and thus no prediction on how cetaceans’ behaviour is
altered by killer whale presence and how these interactions are
mediated.
The sperm whale is the largest toothed whale. A considerable
number of observations of lethal and non lethal attacks by killer
whale on calves and adult female sperm whales have been
reported10,11. Male and female sperm whales are geographically seg-
regated outside of the breeding grounds. Females stay in tropical and
subtropical areas in warm surface waters where they live in cohesive
groups including adult females and immature males and females.
Males leave their family unit at approximately 10 years of age and
gradually move to higher latitudes into colder surface waters where
they are usually seen solitary17. In their late twenties, males start to
return periodically to the breeding grounds inhabited by females to
mate18. In female spermwhales, grouping behaviour to defend them-
selves and their calves has been observed in response to killer whale
attacks10,15 and may be the primary function of their sociality11,17,18.
Killer whales are a highly vocal species and their vocalizations can
be heard underwater over long distances19. Specific avoidance res-
ponses to killer whale sounds have been demonstrated experiment-
ally in fish20,21, pinnipeds22 and few cetacean species23–25. As sperm
whales hear well at the frequencies of killer whale vocalizations26, the
unintended interception of killer whale sounds may inform the
eavesdroppers about the presence of predators, enabling them to
make adjustments of their behavior27,28.
To our knowledge, no reports exist on how high-latitude male
adult sperm whales might respond to predation risk, suggesting that
male sperm whales are rarely attacked by killer whales. It’s possible
that anti-predator strategies exhibited by male sperm whales would
be sufficiently powerful to actually discourage killer whales to attack
such low benefit prey.
In natural conditions, sperm whales spend 80% of their time for-
aging and 20% of their time resting29–31. Tomeet their energy require-
ments, they predate mainly upon cephalopods and have developed a
sophisticated and efficient foraging strategy, performing almost con-
tinuously long deep foraging dives and producing loud echolocation
clicks to localize their prey29,30. If killer whales are perceived as a
potential predation risk for male sperm whales, we expect that the
detection of predator presence should induce significant changes in
the foraging or resting behaviour of sperm whales. Alteration of
foraging should be reflected in a change of diving behaviour along
with a change in the production of sounds associated with foraging
such as clicks and buzzes. Alteration of resting behaviour should
be reflected in a change in the stereotypical resting dives pattern31.
The solitary nature of adult males leads to the prediction that social
defences would not be part of the response repertoire, while
their large aerobic diving capacity would enable a diving escape
strategy15–17. Grouping of male sperm whales is indeed rarely
observed in natural conditions15, but a male sperm whale could alert
other males in the area to enrol them in a social defence. Such social
behaviour should be indicated by the grouping of several whales and
the emission of social sounds called ‘codas’32,33.
Our objectives were therefore to investigate whether the detection
of mammal-feeding killer whale sounds 1) alters the behaviour (i.e.
foraging or resting) of male spermwhales, and whether they respond
by avoiding the sound source and diving deeper and longer, and 2)
induces an initiation of social response as an anti-predator strategy.
To test what anti-predator strategies are employed by adult male
sperm whales, we conducted playback of killer whale vocalizations
to fivemale spermwhales off Norway andmonitored the behavioural
responses of the animals using a high resolution depth-and-sound-
recording tag8.
Results
Overall, the five tested whales changed their behaviour in response to
killer whale sounds playbacks (abbreviated as KW) (see Table 1).
Change in foraging/resting behaviour. Change in the dive profile.
Four animals of the five tested whales (sw09_141a, sw09_160a,
sw10_149a and sw10_140a) were conducting deep foraging dives
before the start of KW sounds playback and 1 whale (sw09_142a)
was in a resting mode, performing stereotypical resting dives
(Table 1).
Playback of KW sounds resulted in significantly shorter and shal-
lower dives compared to the baseline (Fig. 1a, b), and none of the
whales extended the duration of their dives. For all whales except one
(sw09_160a), KW sounds elicited a clear interruption in the descent
phase of the dive and a return to the sea surface (Fig. 2a, b, d and e).
Two of the four whales that were foraging were also exposed to a
broadband noise as negative control (abbreviated as CTRL)
(sw10_149a and sw10_150a) and performed apparent similar for-
aging dives during CTRL playback compared to the baseline (similar
duration and max depth) (Fig. 1a, b and Fig. 2d, e). The foraging
whale that did not interrupt its dive during KW playback
(sw09_160a) performed an unusual foraging dive pattern showing
multiple vertical wiggles (i.e. short ascents) during the descent phase
of the dive (Fig. 2c). The tagged whale sw09_142a that was in a
resting mode preceding the KW sounds exposure stopped resting
in response to KW playback (Fig. 2b) and performed a spyhop (rais-
ing of the whale’s head above the sea surface) just after coming up to
the surface.
Change in regular click production. During baseline periods, the for-
aging sperm whales spent most of their dive clicking (mean 77 6
9.4% s.e.m., range: 54.7–94.5%, n 5 4). Buzzes were produced for all
baseline foraging dives (Fig. 2a, c, d, e). For the whale that was resting
Table 1 | Behavioural changes of sperm whales in response to KW sound playbacks
Pre-exposure behavioural mode and D-tag ID of tagged sperm whales
Foraging Resting
Sw09_141a Sw09_160a Sw10_149a Sw10_150a Sw_09_142a
Dive profile Dive interruption and return to surface X X X X
Unusual dive pattern (wiggles) X
Direction of horizontal
movement
Change of direction compared to
original course
X X
Clear avoidance response X X
Foraging acoustic cues lower clicking activity X X X
lower prey capture attempts (less or no buzzing) X X X X
Social behaviour cues Association with other individuals X X
Production of social sounds (codas) X X
Other Spyhop X
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during baseline, as expected, the clicking activity was close to zero
and there was no buzz emitted during the dives (Fig. 2b).
Clicking activity was significantly lower during KW playback
compared to baseline (Fig. 1c) (P 5 0.043, Z 5 2.022, n 5 5) but
appeared similar during CTRL playback compared to baseline. Buzz
production was not significantly different between KWplayback and
baseline (Fig. 1d) although for two whales of four that interrupted
their foraging dive to return to the surface in response to the KW
playback, no buzz was produced during the dive (Fig. 2d, e).
Change in social behaviour (whale grouping and production of
codas). Sperm whales were solitary during the baseline period pre-
ceding the playback experiments. During KW playbacks, we found
evidence of a social response in three of the five tested whales (Fig. 2a,
d, e and Table 1). Two tested whales appeared in association with
other individuals at the first surfacing phase following KW playback
(Fig. 2a, e). In addition, one of these 2 whales and another tested
whale produced codas (Fig. 2a, d). We provide below a descriptive
analysis of these behaviours along with Fig. 2 and Table 1.
For sperm whale sw09_141a, the tagged whale was observed sol-
itary at the surface for the 3 h preceding the start of KW playback
(group size: 1) (see Fig. 2a). During KW playback, the tagged animal
interrupted its foraging dive and returned to the surface (group size:
1). At the first surfacing phase following the end of KW playback,
three other whales appeared within 50 m apart from the tagged
animal (group size: 1–4 whales). Simultaneously, twelve codas were
produced by the group of individuals at the sea surface. At the next
surfacing phase of the tagged whale, the animal was observed alone
indicating that the group had spread out.
Sperm whale sw10_149a was solitary during the entire period
preceding playback experiments. This whale produced one coda at
the end of one single baseline dive, just before surfacing (3 h 30
before the start of KW playback) but did not produce any codas
during the next baseline dives or during CTRL playback. Then, dur-
ing KW playback, two codas were produced, one at the max depth of
the dive and one when the animal returned to the surface (Fig. 2d).
The animal was not observed with other whales and no more than
one whale was acoustically detected by the passive acoustics equip-
ment deployed in the water.
The tagged whale sw10_150a was observed as a single animal
during baseline andCTRL playback (group size: 1) but then appeared
with three more individuals at the first surfacing phase following the
end of KW playbacks (group size: 3–4; distance of whales to the focal
animal: 0–100 m) (see Fig. 2e). Then, at the next surfacing, the tagged
whale appeared solitary again. No coda was recorded during baseline
or during sound exposure.
Change in the direction of horizontal movement (avoidance or
attraction). The visual tracks of the surfacing tagged whales
indicated that four of the five tested whales (all except sw09_160a)
changed their direction of horizontal movement in response to the
KW playback. In two cases (sw09_141a and sw10_150a), the whales
were originally moving towards the KW sound source but made a
clear turn away from the source after they surfaced (avoidance).
Sw09_160a did not show any apparent changes in direction of
horizontal movement during the KW playback. This subject was
moving towards the sound source before the playback started and
kept this course during and after the KW playback. The two subjects
that were exposed to CTRL playback (sw10_149a and sw10_150a)
showed an avoidance response. Sw10_149a was moving towards the
sound source before CTRL playback and made a clear turn away
from the sound source during the playback. Sw10_150a slightly
avoided the CTRL sound source during the playback and went
back to its original course after the end of playback.
Figure 1 | Difference between baseline and playback (CTRL or KW) for dive duration (a), max depth (b), clicking activity (c) and production of
buzzes (d). Values are given as mean 6 s.e.m. A Wilcoxon matched-pair test was applied to assess difference between baseline and KW playback
(*P , 0.05; n 5 5).
www.nature.com/scientificreports
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Responses to CTRL playbacks. The two individuals tested with
CTRL playbacks (sw10_149a and sw10_150a) did not show any
changes of behaviour except in the direction of horizontal move-
ment (avoidance response). All the other behavioural parameters
taken into account in our analyses had apparent similar values
between CTRL playback and baseline period (Fig. 1 and Fig. 2d).
Dive duration and maximum depth values during CTRL playback
were essentially the same as those measured during baseline dives
(Fig. 1a, b). Moreover, the rate of click production and number of
buzzes indicating foraging activity appeared similar between CTRL
playback and baseline (Fig. 1c, d). No indication of social behaviour,
i.e., production of codas or association with other whales, was
recorded during CTRL playback (Fig. 2d, e).
Discussion
Playbacks that simulated killer whale presence strongly changed the
behaviour of five testedmale spermwhales. This indicates that sperm
whales have perceived the KW sounds in spite of the fact that the
main frequencies of KW vocalizations are between 1–2 kHz which is
outside the best hearing sensitivity (5–20 kHz) of sperm whales.
Moreover, the fact that the two animals exposed to CTRL playback
changed their direction of horizontal movement away from the
sound source indicates that the whales also perceived the CTRL
stimulus.
Animals that were initially foraging during the baseline exhibited
significantly shorter and shallower dives compared to the baseline
dives and produced less echolocation clicks and buzzes. In general,
prey are predicted to alter their behaviour in response to the presence
of predators by avoiding them or by reducing risk activities like
feeding5,6. The best way for prey to avoid killer whales may be to
keep quiet and hide from them by travelling to where the predator
cannot follow. In offshore waters, deep diving species such as beaked
whales or sperm whales may escape killer whales by going to great
depths where killer whales cannot reach them10. Solitary male sperm
Figure 2 | Time-depth profile of tagged whales sw09_141a (a), sw09_142a (b), sw09_160a (c), sw10_149a (d) and sw10_150a (e) during baseline, CTRL
and KW playbacks. The diving periods highlighted in red correspond to clicking activity, the blue circles represent emission of buzzes, and the yellow
arrows indicate production of codas. For each surfacing phase, the range of group size is shown between brackets.
www.nature.com/scientificreports
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whales off Norway are not constrained by diving limitations of calves
in their group so they could potentially use this strategy of escaping at
depth. In contrast to this prediction, our results showed that during
KW sounds playbacks, sperm whales interrupted their foraging or
resting dive and returned to the surface. The animal’s decision to
reduce or stop foraging in response to KWplayback represents a high
energy cost and could be explained by the detection of a potential
danger. A possible explanation for the behavioural response of the
animals returning to the sea surface may be therefore that animals
replenish their oxygen stores in preparation for a potential coming
flight or deep avoidance dive if the predator approaches. At the
surface, they might also search for additional cues of predator pres-
ence34, a possible function of the spyhop observed by one of the tested
whales.
In our study, all of the four sperm whales performing deep for-
aging dives at the start of exposure reduced vocal activity or silenced
completely in response to the KW playback. In addition, three of
these four whales and the initially resting whale interrupted their dive
and returned to the surface, resulting in shorter and shallower dives
compared to baseline. The two control experiments with the play-
back of a broad band noise (CTRL) showing the same frequency
range than KW stimulus, verified that animals responded specifically
to KW sounds and not to any unspecific acoustic stimuli.
On one hand, our findings are consistent with responses of six
right whales (Eubalaena glacialis) exposed to experimental synthetic
signals resembling to KW signals that interrupted their foraging
dives and returned to the surface35. On the other hand, these results
contrast with the typical straight avoidance responses reported in
grey whales (Eschrichtius robustus) and belugas (Delphinapterus leu-
cas) in response to KWplaybacks23,24. Moreover, a Blainville’s beaked
whale (Mesoplodon densirostris), which is a deep diver like sperm
whales, silenced and broke off the deep dive when exposed to a
playback of KW sounds but returned to the sea surface only after
an unusually slow ascent from depth25. Therefore, variations across
cetacean species in their pattern of anti-predator responses to the
detection of killer whale presence do not appear to be solely driven by
physiological factors like diving capability.
We showed that in the feeding grounds off Norway, male sperm
whales spend most of their time solitary and seldom produce codas,
which is in agreement with the literature15,36–38. Indeed, male sperm
whales were rarely observed socializing with other whales and when
it happened, it was usually in cluster of two animals and for no more
than few hours15. Moreover, codas, which play a major role in com-
munication between conspecifics, have only rarely been recorded in
the Norwegian Sea36–38. In contrast to females that live in cohesive
groups, solitary males would not have the benefit of communal
defence against predators. It has been suggested that as males are
bigger than females, they would be less vulnerable to killer whale
predation than females. Indeed, all documented predatory interac-
tions between killer whales and sperm whales referred to attacks on
group of female sperm whales with calves or wounded animals.
However, in the present study, in three of five tested male sperm
whales, KW playback induced a social response (clustering of ani-
mals at the sea surface and/or production of social/alerting sounds),
indicating the initiation of anti-predator social strategy. This sug-
gests that typically solitary males may also exhibit a social defence
strategy in response to KW presence.
There have been observations of non-predatory interactions
between killer whales and sperm whales or between killer whales
and other species, where sometimes the prey ignores the predator10,18.
A possible explanation for this absence of cetaceans’ reaction facing
their predator could be that animals can discriminate between voca-
lizations of different killer whale ecotypes and perceive as a potential
predation risk only mammal-eating KW sounds. Thus, by intercept-
ing KW sounds, prey would be able to assess food preference of killer
whales and thus to evaluate the risk of predation. Here, we used
unfamiliar mammal-eating KW sounds associated with foraging
behaviour that may represent a higher threat for sperm whales com-
pared to other sound types such as local fish-eating KW sounds that
would likely pose no threat to them. Playback experiments using
different KW sounds are needed to elucidate these questions, as
has been explored in seals22.
In summary, we found that the playback of unfamiliar mammal-
eating KW sounds simulating potential predator presence modified
the behaviour of five tested adult male sperm whale. Although, at the
ecological scale, killer whale predation probably has a small role in
regulating sperm whale populations15, we show experimental evid-
ence here that it must have at the individual scale a large impact on
the behaviour and sociality of animals. Even if the predation risk
might be lower for male sperm whales than for females with calves,
it still induced a dramatic change in males’ behaviour including the
interruption of foraging or resting dives. Rather than taking advant-
age of their large aerobic capacities to dive away from the perceived
predator, sperm whales returned quickly to the surface and initiated
social responses, suggesting that high-latitude male sperm whales
may have previously-unrecognized social interactions.
Methods
General protocol. Field work was conducted aboard a research vessel in the Northern
Norwegian Sea during May/June 2009–201039,40. The vessel had a dedicated
observation platform from which visual data collection was conducted. A dedicated
small motor boat was launched from the vessel for tagging operations and playback
experiments. The protocol consisted of the following phases: 1) tagging, 2) start of
visual tracking of the tagged animal, 3) collection of baseline behavioural data (before
sound exposure), 4) collection of behavioural data during sound exposures, 5) end of
visual tracking when the tag released, 6) tag recovery and data download for analysis.
Tagging and visual data collection. To monitor the behavioural response of sperm
whales exposed to the playback sounds, we used an advanced miniature high-
resolution movement-and-sound-recording tag called D-tag8 (see Supplementary
Material). We used the depth sensor and hydrophones on the tag to investigate
potential changes in dive pattern and vocal production, respectively, in response to
the playbacks. Using the VHF radio beacon on this tag, we were able to visually track
the position of the animal at each surfacing event and to simultaneously assess
whether the tagged whale was associated to other whales. At each surfacing phase,
whale positions were determined at regular 2 min intervals (range: 3–8 recorded
positions per surfacing phase) (see Supplementary Material).
Acoustic stimuli. Sperm whales were presented with playback of ‘unfamiliar’
mammal-eating KW sounds previously recorded in the North Pacific using D-tags41
and corresponding to calls and clicks produced during eating activity. We expected
these sounds to simulate a high risk of potential predation22. These KW sounds show a
frequency range of 0.5–120 kHz with most energy distributed between 1 and 2 kHz
which correspond to the fundamental frequency of the majority of the calls42. KW
stimuli were transmitted through a speaker designed to broadcast in the 0.20–20 kHz
frequency band. A large number of odontocetes are most sensitive in the 30–
120 kHz43,44 range whereas sperm whales show best hearing sensitivity between
5 kHz and 20 kHz26 which matches with the frequency range covered by the speaker.
Therefore, even if the frequencies of KW sounds above 20 kHz were transmitted by
the speaker, sperm whales would probably hardly hear them. Our system of playback
was thus appropriate to our species model. To control for sperm whales’ reaction to
any unspecific acoustic stimulus, two subjects were also exposed to a broad band noise
(0.5–15 kHz) as a negative control (CTRL). CTRL stimuli were created from non-
calling periods during the recordings fromwhichKW stimuli were taken, amplified to
get an average root mean square power equal to the KW stimuli. These CTRL stimuli
had most energy between 1 and 2 kHz, like KW stimuli42. All stimuli had 15 min
duration and were re-sampled at 44.1 kHz before being used for playback
experiments. The average duration of the KW sounds within each 15 min KW
stimulus was 7 min 21 sec 6 6 sec s.d. (n 5 3). For each stimulus type (KW and
CTRL), three different stimulus versions, i.e. collected from different acoustic
recordings, were used among the tested whales to avoid pseudoreplication45.
Playback experiments.We tested five male sperm whales encountered off Andenes,
Norway. In 2009, three whales were tested with KW stimulus and in 2010, 2 whales
were tested with both KW and CTRL stimuli. The baseline period was defined as the
period preceding the start of the KW/CTRL playback experiments and had a duration
of 5 h 12 min 6 1 h 49 min s.e.m. (n 5 5). The three whales tested only with KW
stimulus were previously exposed to sonar sounds as part of a parallel project39. For
these whales, the baseline period was thus the period between the end of sonar
exposure and the start of KW/CTRL playback experiments. Stimuli were transmitted
using a M-AudioMicrotrack II recorder and amplified by a Cadence Z8000 amplifier
connected to a Lubell LL9642T underwater loudspeaker (frequency response: 0.2–
20 kHz) submerged at a depth of 8 m46. To latermeasure the sound level of the source
www.nature.com/scientificreports
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and to ensure that sounds were faithfully played back by the system without
distortion, playback stimuli were monitored using a calibrated hydrophone (Bruel &
Kjaer 8105 amplified by a Bruel & Kjaer 2635 charge amplifier) placed 1 m from the
source and recorded using a M-Audio Microtrack II recorder. The sound level of the
KW stimuli ranged from 145 to 151 dBrms re 1 mPa (149 6 1 dBrms re 1 mPa s.d., n
5 3 stimuli) which corresponds to the source level of killer whale vocalizations
observed in natural conditions19. The sound level of CTRL stimuli ranged from 145 to
150 dBrms re 1 mPa (147 6 2 dBrms re 1 mPa s.d., n 5 3 stimuli). After the baseline
period during which we collected data on normal behavioural patterns, we waited
until the tagged whale came up at the surface to then place the motor boat with the
playback source at an approximate distance of 800 m from the tagged whale (713 6
73 m s.e.m., n5 7 playback trials). At the end of a surfacing phase, the whale raises its
flukes prior to diving29,30. We started to broadcast a sound stimulus at the end of a
surfacing phase, just after fluking. For the two subjects that were first exposed to
CTRL stimulus, the KW stimulus was played back after fluking of the next surfacing
phase.
Measure of the behavioural response.Quantification of the change in dive behaviour.
Vertical movements of the tagged animal were analysed using Matlab software
(version 7.8.0). During the pre-exposure period (baseline), four sperm whales were
conducting deep foraging dives interspersed with short surface periods and few
shallow dives close to the surface29. For the analysis of the foraging dives, we excluded
the shallow dives, i.e. dives withmax depth,100 m. Onewhale was in a restingmode
during baseline, performing characteristic resting dives (shallow dives,100 m, 20–
30 min duration, no clicking31). For all dives performed during baseline and sounds
exposure, we measured the dive duration (time from the fluke-up to the following
surfacing) and the maximum depth. As an indication of what is a normal dive profile
during foraging (n 5 4 whales) or resting (n 5 1 whale), we calculated for each whale
the average of dive duration and max depth for all the dives performed during
baseline (96 3 s.d. baseline dives analysed/tagged whale, n 5 5). Then, we compared
the average baseline to the parameters measured for the dive performed during sound
exposure (either KW or CTRL playback).
Quantification of the change in vocal production. Sound files recorded on the D-tags
were viewed as spectrograms using Adobe Audition software (Blackman-Harris
window; FFT length: 4096; time resolution: 21.3 ms). We identified on spectrograms
the production of regular clicks and buzzes (associated with foraging) and codas
(associated with socializing behaviour or alarm signalling). For each dive, we summed
the duration of regular clicking periods to calculate the proportion of time clicking
compared to the total duration of the dive, we scored the number of buzzes, and we
monitored whether codas were produced.
Social behaviour. Simultaneously with visual recording of the tagged whales’ posi-
tions, we scored the group size defined as the number of individuals within 200 m of
the focal animal, and the group spacing defined as the distance between individuals in
the group47. Group size and group spacing were compared between the baseline
surfacing phases and the surfacing phase occurring right after the end of a stimulus
playback (KW or CTRL).
Change in direction of horizontal movement. Potential changes of direction of hori-
zontal movement were investigated using the visual tracks of the tagged whale
recorded before, during and after the playbacks.
Statistical analyses. Statistical analyses were performed using Statistica software
(version 6.0; StatSoft 2001). To test for differences in dive duration, max depth,
proportion of clicking activity during the dive and number of buzzes between baseline
(pre exposure) and KW playback exposure period, we used the non-parametric
Wilcoxon matched-pair test suitable for small sample size. The sample size for CTRL
playbacks was too small though (n 5 2) to conduct the test comparison to baseline. A
descriptive analysis was performed to assess production of codas and potential
changes in direction of horizontal movement, group size and group spacing.
Ethical statement. All experiments comply with the current laws of the country
where they were performed. Animal experiments were carried out with permission
from the Norwegian Animal Research Authority (Permit No. S-2007/61201).
Protocols were approved by the Animal Welfare and Ethics Committee of the
University of St Andrews (AWEC, UK) and the Institutional Animal Care and Use
Committee (IACUC) of the Woods Hole Oceanographic Institute (WHOI, USA).
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